The accurate calculation of the (differential) correlation energy is central to the quantum chemical description of bond-formation and bond-dissociation processes.
Introduction
The correlation energy is a central quantity in quantum chemistry. It is usually defined as the error in the electronic energy calculated within the independent-particle model of Hartree-Fock (HF) theory with respect to the exact solution of the electronic Schrödinger equation [1, 2] ,
The exact electronic energy E exact can be obtained from the full configuration interaction (FCI) approach.
Although there exists no rigorous distinction between different types of electron correlation effects, the correlation energy is typically divided into three categories: dynamic, static and nondynamic [3, 4] . The dynamic correlation energy is considered to be responsible for keeping electrons apart and is attributed to a large number of configurations (determinants) with small absolute weights in the wave function expansion, while the nondynamic and static contributions involve only some determinants with large absolute weights which are necessary for an appropriate treatment of the quasi-degeneracy of orbitals [3] [4] [5] . In particular, static electron correlation embraces a suitable combination of determinants to account for proper spin symmetries and their interactions, whereas nondynamic correlation is required to allow a molecule to separate correctly into its fragments [3, 4] .
Over the past decades, a number of quantum chemical methods has been developed to accurately describe either dynamic or nondynamic/static correlation effects. For instance,
Møller-Plesset perturbation theory and single-reference coupled cluster (CC) theory [4] are successful in capturing dynamic correlation effects in single-reference cases, while the complete active space self consistent field (CASSCF) approach [6] is suitable to describe static correlation in multi-reference problems. Still, the neglect of one kind of correlation effects may lead to non-negligible errors, which led to the development of "hybrid" approaches, among which are the complete active space second-order perturbation theory (CASPT2) [7] [8] [9] and the multi-reference CC ansatz [10] [11] [12] [13] , both with their own intrinsic limitations. A priori knowledge about the interplay of dynamic, nondynamic and static electron correlation effects is required to select an appropriate electron correlation method in order to obtain reliable results. This issue becomes most severe when spectroscopic accuracy of, say, 0.01 eV for relative energies is desired. The consideration of dynamic, static and nondynamic correlation effects on an equal footing still remains a challenge for quantum chemistry.
The quality of single-and multi-reference quantum chemical methods can be estimated by a number of diagnostic tools [14] . Examples are the absolute or squared weights of the reference or principal configuration (the |C 0 | coefficient) obtained from a CI calculation [15] and the Euclidean norm of the t 1 amplitudes, which are denoted as T 1 [15] [16] [17] and S 2 diagnostics [18] in CC and perturbation theory, respectively. Related are the D 1 and D 2 measures based on single and double excitations in single-reference CC theory [19, 20] .
A conceptually different group of diagnostic measures is based on concepts from quantum information theory and exploits knowledge about the one-particle reduced density matrix in terms of natural occupation numbers [21] , the two-particle reduced density matrix or its cumulant in terms of the Frobenius norm [22] [23] [24] [25] [26] [27] [28] [29] [30] , the weights from excited configurations of some wave function expansion, [31] and the distribution of effectively unpaired electrons [32] [33] [34] [35] [36] .
A complementary classification of electron correlation effects that exploits entanglement measures among molecular orbitals was recently proposed by us [37] . Our analysis is based on the assessment of the entanglement among any pair of orbitals and the entanglement of one orbital with all other orbitals, respectively, as encoded in a FCI-type wave function. An in-depth study of iron nitrosyl complexes [37] , featuring complicated electronic structures, showed that the static, nondynamic, and dynamic contributions to the correlation energy and, as a consequence, the single-and multi-reference nature of a quantum system, can be distinguished by examining the entanglement patterns of the orbitals. Our entanglement analysis comprises two entropic measures: (i) the single-orbital entropy [38] ,
(α denotes the four different occupations of a spatial orbital) which quantifies the entan-glement between one particular orbital and the remaining set of orbitals contained in the active orbital space from the eigenvalues w α,i of the one-orbital reduced density matrix ρ i of a given orbital. And, (ii) the mutual information [38] [39] [40] ,
which measures the entanglement of two orbitals i and j embedded in the environment of all other active-space orbitals. s(2) i,j is the two-orbital entropy between a pair (i, j) of orbitals, which is calculated from the eigenvalue of the two-orbital reduced density matrix ρ i,j (analogously to Eq. (2), but with α now enumerating the 16 possible no-, one-, and two-electron states defined on the pair of orbitals), and δ ij is the Kronecker delta. The one-and two-orbital density matrices can be determined from a many-particle density matrix by tracing out all many-electron states defined on the active-space orbitals that complement those orbital i (and j, respectively) whose entanglement with the others shall be studied [39] . The general occupation-number-vector expansion of the electronic wave function constructed from L active-space orbitals
(n i denoting the occupation of orbital i) may be decomposed into states |n i and |n i n j defined on a system comprising the single or pair of orbitals, respectively, and into those of its environment defined on the remaining orbitals. If, for the system consisting of one orbital i, we split the environment states e (e then being a composite index) as |e 1 ∈ {|n 1 . . . n i−1 } and |e 2 ∈ {|n i+1 . . . n L }, we can write the total electronic state as
For the case of the system consisting of two orbitals i and j, we may split the environment states e as |e 1 ∈ {|n 1 . . . n i−1 }, |e 2 ∈ {|n i+1 . . . n j−1 }, and |e 3 ∈ {|n j+1 . . . n L }. Then, 4 the total electronic state reads in this basis |Ψ → |Ψ (n i ,n j ,e) = n i ,n j ,e 1 ,e 2 ,e 3 ψ n i ,n j ,e 1 ,e 2 ,e 3 |e 1 ⊗ |n i ⊗ |e 2 ⊗ |n j ⊗ |e 3
The one-and two-orbital density matrix operator can now be expressed aŝ
andρ
respectively. From these operators one may derive the one-and two-orbital density matrices, which are calculated from the expansion coefficients ψ n i ,e and ψ n i ,n j ,e , respectively.
The total quantum information embedded in a wave function can be calculated from the set of single-orbital entropies [41] 
As found in Ref. 37 
One and two-orbital entanglement measures
The matrix representation of the one and two-orbital reduced density matrices ρ i and ρ i,j introduced above can be constructed from fermionic correlation functions [40] or from generalized correlation functions [42] . In the following, we present the formalism relying on the latter ones. 
which operate on the basis states of a single orbital i (with I being the four-dimensional unit matrix and the action of O (m) as summarized in 
O
O (16) The structure of the 4 × 4 one-orbital operators O (m) is rather trivial: each operator contains a single element being equal to one at matrix position k, l where |l is the initial state and |k is the final state. It thus acts like a transition matrix from state |l to |k .
Explicitly, we may write the one-orbital operator O (m) as The one-orbital reduced density matrix ρ i can then be calculated by taking those operators which do not change the single-orbital basis state [40] ,
where the expectation value is calculated from the total electronic state. We may abbreviate this structure in tabular form as summarized in Table 2 . Once the one-orbital reduced density matrix ρ i is constructed, s(1) i can be determined from its eigenvalues
In the case of the two-orbital reduced density matrix ρ i,j , (ρ i,j ) kl,pq mediates a transition from state |p, q to |k, l where |p and |k are the initial and final states, respectively, defined on spatial orbital i, while |q and |l are the initial and final states, respectively, defined on spatial orbital j. ρ i,j can be calculated from expectation values of opera-
j , where m = p + 4(k − 1) and n = q + 4(l − 1). Thus, the two 
four-dimensional spaces for states defined on orbitals i and j are expressed as one 16- dimensional space whose basis is labelled
As in the one-orbital case, the two-orbital reduced density matrix ρ i,j can be built explicitly using the expectation values of the two-orbital correlation functions. The two-orbital reduced density matrix ρ i,j has non-zero matrix elements only between two-orbital states possessing the same quantum numbers, n and s z , of two orbitals since ρ i,j does not change the quantum numbers of the two orbitals. Therefore, ρ i,j has a block diagonal structure and there is no need to calculate all 16 × 16 matrix elements. Taking also into account that ρ i,j is symmetric, only 26 expectation values remain to be determined. The single-orbital operator combinations for orbitals i and j used for obtaining the nonzero matrix elements of ρ i,j are summarized in Table 3 . For better readability, we abbreviated Ψ| O
is the n-th one-orbital operator acting on orbital i as given in Table 4 and |Ψ is again a general correlated wave function. Although the calculation of the two-orbital correlation functions is expensive since all O
terms must be renormalized and stored independently, the required 26 calculations can be performed in a fully parallel manner [42] . Once the two-orbital reduced density matrix is constructed, s(2) i,j can be determined from its eigenvalues in analogy to Eq. (2), and thereby, the mutual information for each orbital pair (i, j) can be evaluated. An important feature of this method is that one can also analyze the sources of entanglement encoded in I i,j by studying the individual correlation functions [42] .
It is worth to note that if the Hilbert space of the wave function is partitioned into a system and an environment part in a way that both blocks are built up from continuous segments of orbitals, i.e., orbitals are permuted so that the orbitals i and j are situated next to each other in the system block (taking care of the proper phase factor which is 
where |s stands for the basis states of the system and |e for those of the remaining orbitals. In this representation, the components O (m) can be written in terms of spindependent, fermionic creation c † σ and annihilation c σ operators, which create and annihi-late an electron of σ spin, and spin-dependent number operators n σ , defined as
All 16 components O (m) of the one-orbital operators are collected in Table 4 . As a consequence, the elements of the reduced density matrices can also be expressed using standard one-orbital operators in this bipartite representation [40] . We should emphasize that the one-particle reduced density matrix, and hence its eigenvalue spectrum, contributes only one ingredient of the total 26 orbital correlation functions (see Table 4 ). Therefore, the one-and two-orbital reduced density matrices can comprise more information about quantum entanglement and electron correlation than encoded in the occupation numbers of the one-particle reduced density matrix. should note that all entropic quantities could also be determined from any other correlated wave function. If the DMRG algorithm is used to optimize the electronic wave function, the one-orbital and the two-orbital correlation functions can be calculated for all orbitals i and all orbital pairs (i, j) at the end of a full DMRG sweep. We should note that all orbital-entanglement functions are determined from well-converged DMRG wave functions and thus the choice of the DMRG parameter set, e.g., the ordering of molecular orbitals and the number of renormalized active-system states (cf. section 3), does not affect the entanglement measures. The analysis of the one-and two-orbital correlation functions provides a different perspective on some well-known correlation problems.
Computational details
All calculated quantities (energies and entanglement measures) are in Hartree atomic units. [48] , which is specifically optimized for the Douglas-Kroll-Hess (DKH) Hamiltonian [49, 50] . Scalar relativistic effects were considered in the case of CsH through the DKH Hamiltonian (tenth order for CASSCF and third order for CC calculations, respectively) [51, 52] . Higher-order DKH Hamiltonians are not implemented in the NWChem 6.1 release and could therefore not be used in the CC calculations.
Basis sets and relativity

CASSCF
All CASSCF calculations [6, 53] have been performed with the Molpro 2010.1 program package [54] [55] [56] . For the N 2 and F 2 molecules, all active spaces contained both nonbonding 2s-orbitals, the bonding 2p π (doubly degenerate) and 2p σ , and the antibonding 2p π * (doubly degenerate) and 2p σ * combinations imposing D 2h point group symmetry (cf. [59] .
DMRG
All DMRG calculations were performed with the Budapest DMRG program [60] . As orbital basis, the natural orbitals obtained from the CASSCF calculations as described in section 3.2 are taken. The active spaces could be extended to CAS (10, 46) , CAS (14, 32) and CAS(10,51) in our DMRG calculations for the N 2 , F 2 and CsH molecules, respectively.
For N 2 , additionally the 5×σ g , 5×σ u , 4×π u , 4×π g , 2×δ u , 2×δ g , 1×φ g and 1×φ u lowest lying virtual orbitals have been included in the active space, while for F 2 , the 4×σ g , 4×σ u , 3×π u , 3×π g , 1×δ u and 1×δ u virtual orbitals have been added to the CAS(14,8) active space (note that the π, δ, and φ are doubly degenerate, see Table 5 ). In the case of the CsH molecule, the CAS(10,15) active space was extended by the 10×σ, 6×π, 5×δ and 2
×φ virtual orbitals. We should note that for the CsH molecule at an internuclear distance of 5.5Å only 50 orbitals were in the active space since a δ-type virtual orbital has been rotated into a σ-type virtual orbital in the CAS(10,15)SCF reference. Therefore, only 9 out of 10 σ-orbitals were selected for the DMRG active space for this particular bond length.
To enhance DMRG convergence, the orbital ordering was optimized [61] and the number of renormalized active-system states was chosen dynamically according to a predefined threshold value for the quantum information loss [38] employing the dynamic block state selection approach [41, 62] . As initial guess, the dynamically-extended-active-space procedure was applied [38] . In the DMRG calculations, the minimum and maximum number of renormalized active-system states m was varied from 512 to 1024 and from 1024 to 2048, respectively, while the quantum information loss was set to 10 −5 in all calculations. Note that a large number of renormalized active-system states m start = 1024 was chosen for the initialization procedure for the F 2 molecule to achieve fast and stable convergence. The convergence behavior of all DMRG calculations with respect to the DMRG parameter set is summarized in the Supporting Information.
Coupled cluster
The (restricted) coupled cluster singles and doubles (CCSD), coupled cluster singles, doubles and perturbative triples (CCSD(T)) and coupled cluster singles, doubles and triples (CCSDT) calculations were performed with the NWChem 6.1 quantum chemical program package [63] [64] [65] using the tensor contraction engine [66] [67] [68] [69] . All CC calculations were carried out for two different sizes of the orbital space: for (i) the complete virtual orbital space (later denoted as full-virtual and labeled as CC(x,all), where x indicates the number of correlated electrons) and (ii) for a (restricted) orbital space of the same size as 
Results and discussion
Following the introduction of an entanglement classification of correlation effects in Ref.
37, in this section we discuss how the entanglement measures can be instrumental for an analysis of bond-breaking and bond-forming processes. It is important to understand that these measures allow us to extract orbital-related information from a correlated holds for strongly correlated systems in condensed matter physics when the strength of entanglement bonds is determined [42] . A qualitative, entanglement-based bond order can be determined from the total number of steep changes in the s(1) i -diagram present in the dissociation limit (divided by two to account for the bonding and anti-bonding combination of molecular orbitals), which will be demonstrated in the following sections.
Furthermore, the process of bond-breaking or bond-forming along a reaction coordinate can be monitored in the evolution of the single-orbital entropies. Since static and nondynamic electron correlation effects become dominant if bonds are stretched, the single-orbital entropies corresponding to the bonding and antibonding pair of molecular orbitals should increase gradually. In particular, the rate of growth should depend on the type (or strength) of a specific bond as the magnitude of the one-and two-orbital entanglement measures is connected to the structure of the electronic wave function (cf.
section 2). In a qualitative picture, the s(1) i values of orbitals involved in weak π-bonds increase faster than those corresponding to strong σ-bonds. A chemical bond is considered broken if the s(1) i remain unchanged when the two centers A and B are further pulled apart, i.e., if ∂s(1) i /∂r AB → 0, and thus ∂I tot /∂r AB → 0 for large bond lengths r AB .
This should allow us to resolve bond-breaking processes of individual σ-, π-, or δ-bonds in multi-bonded centers.
In the following, we perform an entanglement analysis of the triple bond in N 
The dinitrogen molecule
First, we investigate the dissociation process of the dinitrogen molecule. It is well-known that the restricted Hartree-Fock wave function dissociates into an unphysical mixture of neutral and ionic fragments with charges varying from ±1 to ±3. This suggests that a large amount of correlation of different types (nondynamic, static, and dynamic) is mandatory to properly describe the dissociation process and spin-recoupling of the triple bond in the N 2 molecule [70] [71] [72] [73] [74] [75] [76] .
For the entanglement study, we chose six points along the reaction coordinate, including the equilibrium structure. In Table 6 , the electronic energies determined in CASSCF, CASPT2, DMRG, and CC calculations are summarized. For a better overview, the electronic energies at different internuclear distances are depicted in Figure 1 (all energies calculated with different methods at the equilibrium distance have been chosen as the zero-Hartree reference).
The restricted-virtual CC calculations yield, in general, higher electronic energies than the DMRG(10,46) calculations for short and intermediate internuclear distances. To describe correlation effects in the N 2 molecule appropriately, higher order excitation opera- tors in the cluster operator are mandatory [72] . We should note that the dimension of the active space had to be enlarged by one additional virtual orbital in all restricted-virtual CC calculations to prevent symmetry breaking in the doubly-degenerate φ g -orbitals (b 2g ⊕ b 3g ) and hence to avoid an unphysical lowering of the electronic energy. The slope of the potential energy surface shown in Figure 1 is either too steep (CCSD(10,all)) or too flat (CCSD(T) and CCSDT) and declines unphysically from an internuclear distance of 2.10Å onwards. Restricting the number of active virtual orbitals even underestimates bonding and amplifies the unphysical behavior in the electronic energy at longer bond lengths. Similar observations were reported by other authors [72, 77] . Note that it was not possible to converge CC calculations when approaching the dissociation limit (larger than and including 2.33Å), most probably due to the large atomic basis sets employed in this study [72] . It is worth mentioning that the CAS ( The different performance of CC, CASSCF, and CASPT2 calculations can be explained by exploring the single-orbital entropy and mutual information diagrams shown in Figure 2 for selected interatomic distances (additional entanglement diagrams can be found in the Supporting Information). Close to the equilibrium structure, both π-and π * -orbitals (#10-#33,#16-#39) are strongly entangled, followed by the bonding and antibonding combinations of the σ-orbitals (#2-#25), while all remaining orbitals are important to capture dynamic electron correlation effects. When the nitrogen atoms are pulled apart, the single-orbital entropies corresponding to the σ, σ * , π, and π * -orbitals increase considerably. However, we still observe a large number of orbitals which are dynamically entangled. This explains the qualitatively good performance of the CCSD(T)(14,all) and CCSDT(14,all) calculations close to the equilibrium structure and for small internuclear distances compared to the DMRG reference (see Figure 1) . However, the amount of dynamic correlation decreases upon dissociation, and the system becomes dominated by static and nondynamic electron correlation (note the decreasing number of green lines and increasing number of single-orbital entropies close to zero with increasing distances).
Thus, the standard single-reference CC fails-as expected-in describing the dissociation process of the N 2 molecule [72, 77] . Figures 2 and 3 ), which can be partially explained by the missing dynamic correlation effects attributed to the active and virtual orbitals. Although the differences in static correlation decrease when the atoms are pulled apart, CASSCF yields a qualitatively wrong entanglement diagram, where it progressively dilutes dynamic correlation involved in both nonbonding N 2s-orbitals (#1 and #5 in Figure 3 ), i.e., the number of green lines and the single-orbital entropies diminish. If the missing dynamic correlation effects are to be captured a posteriori, for instance, by means of perturbation theory, a larger amount of dynamic correlation needs to be included close to the equilibrium structure and for smaller bond lengths than asymptotically, when approaching the dissociation limit.
This may explain why the CASPT2 dissociation curve deviates more strongly from a FCI reference around the equilibrium bond length as presented in Ref. 78 .
Last but not least, we discuss how the entanglement diagrams can be utilized to monitor the bond-forming/bond-breaking process and to resolve different types of bonds individually. In the case of the N 2 molecule, we should be able to distinguish the dissociation of two π-bonds and one σ-bond. If the N atoms are pulled apart, the single-orbital entropies corresponding to the π-and π * -orbital pairs increase considerably faster than those corresponding to the bonding and antibonding combination of σ-orbitals. Thus, the weaker π-bonds are breaking first under dissociation, followed by the stronger σ-bond. If the nitrogen atoms are pulled further apart, from a distance of approximately 1.6Å onwards, the σ-bond gets weakened and the corresponding single-orbital entropies increase most extensively, while the s(1) i values associated with the π-bonds grow more slowly. In the dissociation limit, where both the σ-and π-bonds are broken, the single-orbital entropies corresponding to the bonding and antibonding combination reach their maximum value of ln 4 (note that n ↑,i = n ↓,i = 0.5 and n ↑,in↓,i = 0.25; see Ref. 40 for further discussion), first observed for the weaker π-bonds, followed by the stronger σ-bond.
The fluorine molecule
The dissociation of the weakly covalently bonded F 2 molecule is a prime example of a single-reference problem where dynamic electron correlation effects play a dominant role [79] [80] [81] [82] [83] [84] . In fact, a full valence CASSCF calculation yields only half of the binding energy [85] , while CCSD produces a potential energy well which is almost twice as deep as CCSDT [82] .
The importance of dynamic correlation effects can be clearly seen in the distribution 20 of entanglement bonds (connecting lines in the mutual information plot) among orbitals (see left column in Figure 5 ). For the entanglement analysis, we chose four characteristic points along the dissociation coordinate: the equilibrium structure (1.41Å), two stretched bond length (2.00 and 2.53Å), and a bond length in the vicinity of full dissociation (3.50 A). Table 7 collects the electronic energies for selected interatomic distances determined by CC, CASSCF, CASPT2, and DMRG calculations. In general, the DMRG (14, 32) calculations yield rather similar (but, of course, slightly lower) electronic energies than CCSDT (14, 32) . In particular, CAS(14,8)PT2, CCSDT (14, 32) , and DMRG (14, 32) show a qualitatively similar asymptotic behavior (see Figure 4 ). This can also be observed in the evolution of the total quantum information and its contributions. Close to the equilibrium distance, weakly entangled orbitals account for the essential part of the total quantum information, while statically/nondynamically entangled orbitals contribute most for stretched interatomic distances. Furthermore, the total quantum information accumulates upon dissociation, which motivates the increase in both static (predominantly) and dynamic (secondary) correlation effects. Our entanglementbased analysis thus indicates that a restricted CC calculation should describe the dissociation process of the F 2 molecule properly, since all active space orbitals are mainly dynamically entangled, despite one strongly entangled pair of orbitals. Finally, we can monitor the bond-breaking process of a σ-bond in the F 2 molecule employing the entanglement analysis. In the equilibrium structure, the bonding and antibonding combination of the F 2p z -orbitals feature medium-sized single-orbital entropies and are thus statically entangled. If both atoms are pulled apart, only the single-orbital entropies corresponding to the bonding and antibonding orbitals of the σ-bond increase significantly from about 0.3 to 0.75. If the F atoms are further pulled apart, the s(1) i profile will change only little indicating that the σ-bond is almost broken. This is also seen in the flat slope of the energy between 2.52 and 3.70Å in Figure 4 .
We should note that the maximum value of s(1) i of ln 4 cannot be reached during the bond-breaking (or bond-forming) process of one single-bond. This can be explained by the structure of the electronic wave function and by how the s(1) i measure has been defined (cf., e.g., Table 4 ). In the case of one single-bond, the matrix elements of O 
The cesium hydride molecule
The dissociation of CsH represents another prototypical quantum chemical problem, namely that of an avoided crossing [57, [86] [87] [88] [89] . Table 8 summarizes the electronic energies determined from CASSCF, CASPT2, DMRG and CC calculations for different active spaces. CAS(10,15)PT2 and DMRG(10,51) yield qualitatively similar dissociation curves (they almost lie on top of each other in Figure 7) , while all restricted-virtual CC electronic energies are significantly above the DMRG and CASPT2 results (cf. Table 8) for short and intermediate internuclear distances. A comparison of the entanglement diagrams in Figures 8 and 9 determined for small and large active space calculations suggests that CAS(10,15)SCF is not able to incorporate all static and dynamic correlation effects in the chosen active space in an equal manner along the whole reaction coordinate. However, these differences are only minor and more pronounced around the equilibrium distance than for larger interatomic distances. Hence, the CAS(10,15)SCF calculations lead to a qualitatively wrong dissociation pathway (recall the steeper slope in Figure 7 ). Note that this can be easily corrected by employing perturbation theory upon the CAS(10,15)SCF wave function. Furthermore, since we observe a large number of statically entangled orbitals CCSD(T) yields a qualitatively and quantitatively incorrect dissociation curve (see also Figure 7 ). As observed for the dissociation of the F 2 molecule, the single-orbital entropies as-sociated with the bonding and antibonding σ-orbitals forming the σ-bond increase if the atoms are pulled apart, while those corresponding to the remaining orbitals change only marginally. These small-valued s(1) i are caused by intra-atomic correlation effects between the nonbonding Cs 4d-, 6p-,5d-and 7s-orbitals. The increase in s(1) i corresponding to the orbitals involved in bond-breaking during the dissociation pathway leads to a gradual rise in the total quantum information, which would reach its maximum value in the dissociation limit. The same could be observed for the mutual information and single-orbital entropies.
Conclusions
In this work, we have elaborated on how our entanglement-based analysis of electroncorrelation effects introduced in Ref. 37 All bond-formation/bond-breaking processes discussed in this work have been studied for diatomic molecules only, where the molecular orbitals are basically localized orbitals and point group symmetry could be exploited. The transferability of the entanglementbased analysis to larger reactive systems, the effect of the type of molecular orbitals chosen for the analysis, and the possible necessity for localizing molecular orbitals is currently under investigation in our laboratory. In this context, the one-and two-orbital entanglement measures, calculated here from converged DMRG wave functions, should be implemented also for standard quantum chemical approaches (MP2, CC, CASSCF, etc.), which we will reserve for future work.
Supporting Information
A DMRG calculations A.1 Dissociation of N 2 All electronic energies determined for different DMRG parameter sets and various interatomic distances are summarized in Table 9 . We have employed the DBSS procedure with a maximum number of renormalized active system states set to 1024 and a quantum information loss of 10 −5 , while the minimum number of renormalized active system states was varied as given in the Table. Note that for all calculations mentioned in Table 9 the maximum number of m = 1024 was accepted for at most one or two microiteration steps, and thus only a small number of renormalized active system states is required to describe the system accurately.
In addition, we have performed some test calculations to check whether convergence has been reached in cases where the energy difference between different converged DMRG calculations was slightly larger than 1.5 mHartree. In these calculations, the initialization was performed with a minimum number of 1024 renormalized active system states, while the remaining sweeps were performed with at least 512 renormalized active system states.
Since the electronic energies differ by less than 0.3 mHartree and similar entanglement diagrams have been obtained, the DMRG (10, 46) [512,1024,10 −5 ] calculations are taken as reference. We should note that all DMRG calculations are converged higher than 0.3 mHartree when comparing two subsequent parameter sets since the maximum number of renormalized active system states was maintained for at most 2 microiteration steps, while the quantum information loss was two orders of magnitude lower than the chosen value of 10 −5 in all microiteration steps. The DMRG calculations for F 2 have been performed in a similar way as discussed for the N 2 molecule and are summarized in Table 10 . However, the accuracy of the initialization procedure (CI-DEAS) severely determines convergence behavior. In order to avoid local minima, the number of renormalized active system states had to be set to at least 1024 for the initialization steps (these calculations are labeled as DMRG (14, 32) [m start , m min ,m max ,10
in Table 10 ). With such a large value for m start , convergence with respect to m can be already obtained for a small number of renormalized active system states. Table 11 summarizes all electronic energies obtained from DMRG calculations for the dissociation of the CsH molecule. As aforementioned, the maximum number of renormalized active system states was set to 1024 with a quantum information loss of 10 −5 , while the minimum number of renormalized active system states was increased as mentioned in the Table until convergence with respect to m was reached. Again, the maximum number of renormalized active-system states was kept for at most one microiteration step, while the quantum information loss was considerably smaller than the chosen threshold of 10 −5 .
Hence, increasing m min would result in an energy decrease of considerably less than 1 mHartree as observed for the N 2 molecules. 
